Proc. Natl. Acad. Sci. USA
Vol. 92, pp. 5317-5321, June 1995
Cell Biology

A wortmannin-sensitive phosphatidylinositol 4-kinase that
regulates hormone-sensitive pools of inositolphospholipids

SATOSHI NAKANISHI*, KEVIN J. CATT, AND TAMAS BALLAT

Endocrinology and Reproduction Research Branch, National Institute of Child Health and Human Development, National Institutes of Health, Building 49, Room

6A 36, 9000 Rockville Pike, Bethesda, MD 20892

Communicated by Henry Metzger, National Institute of Arthritis and Musculoskeletal and Skin Diseases, Bethesda, MD, February 9, 1995 (received

for review December 27, 1994)

ABSTRACT The synthesis of phosphatidylinositol 4,5-
bisphosphate [PtdIns(4,5)P,], the immediate precursor of
intracellular signals generated by calcium-mobilizing hor-
mones and growth factors, is initiated by the conversion of
phosphatidylinositol to phosphatidylinositol 4-phosphate
[PtdIns(4)P] by phosphatidylinositol 4-kinase (PtdIns 4-ki-
nase). Although cells contain several PtdIns 4-kinases, the
enzyme responsible for regulating the synthesis of hormone-
sensitive PtdIns(4,5)P, pools has not been identified. In this
report we describe the inhibitory effect of micromolar con-
centrations of wortmannin (WT) on the synthesis of hormone-
sensitive PtdIns(4) P and PtdIns(4,5)P, pools in intact adrenal
glomerulosa cells, and the presence of a WT- sensitive PtdIns
4-kinase in adrenocortical extracts. In addition to its sensi-
tivity to the PtdIns 3-kinase inhibitor WT, this enzyme is
distinguished from the recognized membrane-bound PtdIns
4-kinases by its molecular size and weak membrane associa-
tion. Inhibition of this PtdIns 4-kinase by WT results in rapid
loss of the hormone-sensitive PtdIns(4,5)P, pool in angioten-
sin II-stimulated glomerulosa cells. Consequently, WT treat-
ment inhibits the sustained but not the initial increases in
inositol 1,4,5-trisphosphate and cytoplasmic [Ca’?*] in a
variety of agonist-stimulated cells, including adrenal glomeru-
losa cells, NIH 3T3 fibroblasts, and Jurkat lymphoblasts.
These results indicate that a specific WT-sensitive PtdIns
4-kinase is critical for the maintenance of the agonist-sensitive
polyphosphoinositide pool in several cell types.

Phosphatidylinositol 4,5-phosphate [PtdIns(4,5)P;] is a critical
plasma-membrane precursor of several of the intracellular
messengers that mediate the actions of many hormones,
transmitters, and growth factors (2-4). PtdIns(4,5)P, has also
been implicated in other cellular functions, including regula-
tion of the activity of certain actin-binding proteins (5) and of
clathrin assembly and, hence, receptor endocytosis (6). Hor-
mone-sensitive and -insensitive pools of inositolphospholipids
have been described (7-9), as well as a nuclear inositolphos-
pholipid system that appears to be regulated independently of
receptor-activated inositolphospholipid turnover (10). The
production of polyphosphoinositides from phosphatidylinosi-
tol (PtdIns) is therefore of vital importance for multiple as-
pects of cell regulation.

The first step in the production of PtdIns(4,5)P; is catalyzed
by PtdIns 4-kinases, several forms of which have been isolated
from mammalian sources as well as from yeast (11-13). Two
membrane-bound mammalian PtdIns 4-kinases have been
characterized, a 56-kDa type II enzyme that is inhibited by
adenosine and an ~200-kDa type III enzyme that is relatively
insensitive to adenosine. The mammalian type I enzyme, which
phosphorylates PtdIns at the 3 position, is largely cytoplasmic
in resting cells and contains 110-kDa catalytic and 85-kDa
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regulatory subunits (14, 15). The catalytic domain has signif-
icant homology with the Saccharomyces cerevisiae PtdIns 3-ki-
nase Vps34p (16) and with a recently cloned yeast cytoplasmic
PtdIns 4-kinase (13). The latter enzyme, which has a molecular
mass of 125 kDa, was isolated from the cytosolic fraction and
appears distinct from the 45- to 55-kDa enzyme isolated from
yeast membranes (17). The soluble enzyme was found to be
essential for yeast viability, and the 45- to 55-kDa membrane-
bound enzyme (if distinct from the former) cannot substitute
for its function. On the basis of sequence homologies within
the catalytic domain of these enzymes, additional yeast en-
zymes (TOR1 and TOR?2) (18) and a recently cloned human
protein (RAFT1) (19) have been identified as PtdIns kinase
homologs, the latter two also being targets of the immunophi-
lin drug rapamycin.

This heterogeneity of the known PtdIns 4-kinases raises the
questions of which (if any) of these enzymes controls the
formation of the agonist-sensitive inositolphospholipids re-
quired for intracellular signaling. In the present study we
describe the properties of a PtdIns 4-kinase identified in the
adrenal cortex. In contrast to the known tightly membrane-
bound PtdIns 4-kinases, this loosely membrane-associated en-
zyme is sensitive to the potent PtdIn 3-kinase inhibitor wort-
mannin (WT) and appears to be responsible for maintenance
of the hormone-sensitive pools of inositolphospholipids in
several cell types.

MATERIAL AND METHODS

Cell Culture. Adrenal glomerulosa cells were prepared from
bovine adrenal cortical tissue and cultured as described (20).
The NIH 3T3 cells used were from previously characterized
clones of cells stably transfected with the pZip/Neo plasmid
(21). The Jurkat lymphoblastoma cell line E61 was provided by
Richard Youle (National Institutes of Neurological Disorders
and Strokes, Bethesda, MD). NIH 3T3 cells were cultured in
DMEM-high glucose medium/L-glutamine/10% fetal bovine
serum, and Jurkat cells were maintained in RPMI 1640
medium/L-glutamine/50 uwM 2-mercaptoethanol/10% fetal
bovine serum.

Measurements of Inositol Phosphate Formation. Proce-
dures for the determination of inositol phosphate levels in
[*H]inositol-labeled glomerulosa cells and NIH 3T3 cells have
been described elsewhere (21, 22). Jurkat cells were labeled in
modified DMEM-high glucose medium/0.2 uM myo-inositol/
L-glutamine/0.1% bovine serum albumin/5% serum contain-
ing myo-[*H]inositol (10 uCi/ml; 1 Ci = 37 GBq) at a density
of 5-8 X 106 cells per ml for 24 h. After two washes with
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DMEM-high glucose medium/L-glutamine/0.1% bovine se-
rum albumin/10 mM Hepes (pH 7.4), cells were resuspended
in the same medium at a density of 4 X 107 cells per ml and
aliquoted at 200 ul into polystyrene tubes. After a 10-min
preincubation at 37°C, WT (10 uM final) or dimethyl sulfoxide
was added, and cells were incubated for an additional 10 min.
Cells were then stimulated with antibody against CD3 at 10
wug/ml (OKT-3), and incubations were continued for selected
times. Reactions were terminated by addition of 200 ul of
ice-cold perchloric acid. Inositol phosphates were extracted
and separated on HPLC using a Synchropak column (Thom-
son Instruments, Vienna, VA) as described (21).

Measurements of Cytoplasmic Ca?* Concentration. Mea-
surements of [Ca?*]; were done in fura-2-loaded glomerulosa
cells and NIH 3T3 cells, as described (21, 23). Jurkat cells were
loaded with 0.5 uM fura-2/AM for 1 hr at room tem-
perature, at a density of 4 X 10° cells per ml. After being
washed, cells were kept in DMEM-high glucose/L-glutamine/
0.1% bovine serum albumin at room temperature, and 5-6 X
109 cells were spun immediately before the [Ca?*]; measure-
ment. Cells were incubated at 34°C in 2.5 ml of modified
Krebs-Ringer solution (1.2 mM CaCl,/2.42 mM KCl/1.18 mM
KH,PO,/118 mM NaCl/0.8 mM MgSO4/5 mM NaHCOs/20
mM Hepes'NaOH, pH 7.4/10 mM glucose). Fluorescence
emission of fura-2 was monitored by a Deltascan dual wave-
length fluorescence photometer (Photon Technology Interna-
tional, Princeton, NJ).

Analysis of 32P- and 3H-labeled Inositolphospholipids in
Adrenal Glomerulosa Cells. Glomerulosa cells were cultured
on 4-well culture plates (Nunc) and labeled with o-[*?P]phos-
phate (2 wCi/ml) for 4 hr in 0.2 ml of a low-phosphate
Krebs-Ringer solution (118 mM NaCl/1.2 mM CaCl,/3.6 mM
KC1/0.8 mM MgS04/22.4 uM KH,PO4/5 mM NaHCO3/20
mM Hepes'-NaOH, pH 7.4/10 mM glucose) containing 0.1%
bovine serum albumin. Inhibitors were added 10 min before
stimulation with angiotensin II (Ang-II) for the indicated
times, and reactions were stopped by the addition of ice-cold
perchloric acid (5% final). Lipids were extracted from the cell
pellets and separated on preimpregnated TLC plates, as de-
scribed (22). For quantitation of the labeled lipids, radioactive
spots were identified by autoradiography (7-9 days at —70°C
for 3H-labeled samples) and cut out for radioactivity measure-
ments in a liquid scintillation counter. In the case of 32P-
labeled samples, TLC plates were also analyzed with a Phos-
phorImager (Molecular Dynamics) using standards of known
32P activity to determine the linear range and to convert
density readings to radioactivities.

Preparation of PtdIns 4-Kinase and PtdIns(4)P 5-Kinase.
The cortical tissue from five bovine adrenal glands was ho-
mogenized in ice-cold buffer A (20 mM Tris-HCI, pH 7.4/1
mM EDTA/1 mM dithiothreitol/0.1 mM phenylmethylsulfo-
nyl fluoride/leupeptin at 10 pg/ml with a Teflon homogenizer
and centrifuged at 100,000 X g for 60 min. The supernatant
(S1) was removed, and the pellet was homogenized in the same
buffer and centrifuged at 100,000 X g for 60 min. The su-
pernatant (S2) was removed again, and the pellet was resus-
pended in buffer A/1 M NaCl. The suspension was stirred for
30 min at 4°C and centrifuged at 100,000 X g for 60 min. The
resulting supernatant (S3) was removed, and the pellet (P3)
was resuspended in buffer containing 1 M NaCl. PtdIns
4-kinase activity was recovered in the S3 and P3 fractions, and
the PtdIns(4)P 5-kinase activity was recovered in the S2
fraction. For separation of WT-sensitive and -insensitive sol-
uble PtdIns 4-kinase activity, the S3 fraction was subjected to
(NH,4),SO4 precipitation and subsequent DEAE-Sepharose
column chromatography. The protein fraction precipitated
with (NH4),SO4 (22.6 g/100 ml) was collected by centrifuga-
tion for 20 min at 10,000 X g and dissolved in buffer A. After
dialysis against the same buffer, the protein solution was
applied to a DEAE-Sepharose fast-flow column (1.6 cm X 8
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cm) preequilibrated with buffer A. The column was washed
with 7.5 ml of buffer A, and proteins were eluted with a linear
gradient of 0—0.5 M NaCl in buffer A (100 ml of total volume).
Fractions were assayed for PtdIns 4-kinase activity, and those
containing WT-sensitive activity were pooled, dialyzed, con-
centrated, and stored at —80°C for at least 2 weeks without loss
of activity.

Assay of PtdIns 4-Kinase and PtdIns(4)P 5-Kinase Activi-
ties. The activities of PtdIns 4-kinase and PtdIns(4)P 5-kinase
were measured by incorporation of radioactivity from
[y-*?P]ATP into organic solvent-extractable material (24, 25).
The standard reaction mixture for PtdIns 4-kinase (50 ul final
volume) contained 50 mM Tris-HCI (pH 7.5), 20 mM MgCl,,
1 mM EGTA, 1 mM PtdIns, 0.4% Triton X-100, bovine serum
albumin at 0.5 mg/ml, 100 uM [y->?P]ATP, and the enzyme.
The reaction mixture for PtdIns(4)P 5-kinase (50-ul final
volume) contained 0.25 M sucrose, 50 mM Tris-HCI (pH 7.5),
15 mM MgCl,, 1 mM EGTA, 80 uM PtdIns(4)P, 80 uM
phosphatidylserine, 0.04% Triton X-100, bovine serum albu-
min at 0.5 mg/ml, 0.1% PEG 20,000, 100 uM [y-?P]ATP, and
the enzyme. All assay components except [y-2P]JATP were
preincubated with inhibitors for 5 min at 30°C. Reactions were
started by addition of [y-32P]JATP, incubated for 8 min, and
terminated by the addition of 3 ml of CHCl3/CH3;OH/
concentrated HCI, 200:100:0.75 (vol/vol). The organic solvent
phase was separated from [y-*?P]JATP by adding 0.6 ml of 0.6
M HCI, mixing vigorously, and left standing for phase sepa-
ration. The upper (aqueous) phase was discarded, and 1.5 ml
of CHCl;:CH30H:0.6 M HClI, 3:48:47 (vol/vol) was added to
the lower phase, followed by mixing and phase separation. The
lower phase was then transferred to scintillation vials, and after
evaporation the radioactivity was analyzed by liquid scintilla-
tion spectrometry. The enzyme concentrations were chosen so
that the reactions of both PtdIns 4-kinase and PtdIns(4)P
5-kinase were linear during the 8-min incubation. More than
98% of the radioactive products in the reaction mixtures of
PtdIns 4-kinase and PtdIns(4)P 5-kinase assays comigrated
with PtdIns(4)P and PtdIns(4,5)P, standards, respectively, as
assessed after TLC separation (22). The PtdInsP product of the
PtdIns-kinase assay was also identified by resolving the 32P-
labeled products in a TLC-system that clearly separates Ptd-
Ins(3)P and PtdIns(4)P (26).

PtdIns 3-Kinase Measurements. Cultured bovine glomeru-
losa cells (=108 cells) were removed from the culture plates
with versene and after centrifugation were resuspended in 3 ml
of ice-cold lysis buffer (20 mM Tris'HCl, pH 7.5/150 mM
NaCl/5 mM EGTA/1% Nonidet P-40/1 mM Na3;VO,/1 mM
phenylmethylsulfonyl fluoride). Anti-p85 antibody (10-20 ul)
was then added, and the mixture was kept on ice for 2 hr before
adding protein A—Sepharose for an additional hour. The beads
were then washed three times with lysis buffer and then with
LiCl buffer (0.5 M LiCl/0.1 M TrissHCl, pH 7.5/1 mM
phenylmethylsulfonyl fluoride) and finally with a wash buffer
(0.1 M NaCl/1 mM EDTA/20 mM TrissHCI, pH 7.5/1 mM
phenylmethylsulfonyl fluoride). The assay was done in a 50-ul
reaction mixture containing PtdIns (0.08 mg/ml), bovine
serum albumin (0.5 mg/ml), 20 mM Tris-HCI (pH 7.4), 1 mM
EGTA, 20 mM MgCl,, 100 uM [y->2P]ATP (1 uCi per tube),
and the immunoprecipitated enzyme. Reactions were per-
formed at 30°C for 30 min. The lipids were then extracted and
quantitated as described for the PtdIns 4-kinase assay.

Materials. myo-[*H]Inositol (80-120 Ci/mmol), K,H[*?*P]-
PO, (200 mCi/mmol), and [y-32P]ATP (0.5-3 Ci/mmol) were
purchased from Amersham. Fura-2 acetoxymethyl ester was
from Molecular Probes. Adenosine, 5’-chloro-5'-deoxyade-
nosine, PtdIns, and phosphatidylserine were from Sigma.
PtdIns(4) and PtdIns(4,5)P, were from Boehringer Mannheim.
DEAE-Sepharose fast flow and protein A-Sepharose were from
Pharmacia. The anti-p85 antibody for PtdIns 3-kinase was pur-
chased from Upstate Biotechnology. Culture media were ob-
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tained from Biofluids (Rockville, MD) and the National Insti-
tutes of Health media unit. WT was a gift of Tokyo Research
Laboratories, Kyowa Hakko Kogyo, Tokyo. All other reagents
were of analytical or HPLC grade.

RESULTS AND DISCUSSION

The importance of the soluble yeast PtdIns 4-kinase in cell
viability and its structural similarity to the PtdIns 3-kinases raised
the question of whether soluble PtdIns 4-kinase(s) could also be
recovered from mammalian tissues, in which only the membrane-
bound enzymes have been studied. As expected, most of the
PtdIns 4-kinase activity of bovine adrenocortical homogenate was
associated with the membrane fraction. However, a small pro-
portion (=~20%) of this activity could be extracted from the
membranes with 1 M NaCl, and ~50% of this soluble activity was
inhibited by submicromolar concentrations of the PtdIns 3-kinase
inhibitor WT. In contrast, the tightly membrane-bound PtdIns
4-kinase(s), as well as the soluble PtdIns(4)P 5-kinase, were
insensitive to WT (Fig. 1.4). The WT-sensitive and -insensitive
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Fic. 1. Effects of WT on the activities of PtdIns 4-kinases and
PtdIns(4)P 5-kinase obtained from adrenal cortical tissues (4) and
separation of WT-sensitive and -insensitive soluble PtdIns 4-kinase
activity by DEAE-Sepharose column chromatography (B). Adreno-
cortical homogenates were fractionated and their PtdIns 4-kinase and
PtdIns(4)P 5-kinase activities were measured as described. The S1, S2,
and S3 fractions represent the respective supernatants obtained after
centrifuging the homogenates and the subsequent low-salt and high-
salt wash, respectively, and P3 is the activity remaining in the mem-
brane pellet after these washes. The specific activities of PtdIns 4-
kinase in S3 and P3 fractions and that of PtdIns(4)P 5-kinase in the S2
fraction were 206 = 8, 578 * 30, and 58.9 * 3.1 pmol/min per mg,
respectively. The (NH4)2SO4 precipitate of the S3 fraction was applied
to a DEAE-Sepharose fast-flow column, washed with 7.5 ml of buffer
A, and eluted with a linear gradient of 0-0.5 M NaCl in buffer A.
PtdIns 4-kinase activity of each fraction was measured in the absence
(®) and presence (O) of 10 uM WT. The specific activity of the
WT-sensitive PtdIns 4-kinase in this preparation was 322 * 53.6
pmol/min per mg.

Proc. Natl. Acad. Sci. USA 92 (1995) 5319

soluble PtdIns 4-kinases could be separated on DEAE-
Sepharose, which retained the WT-sensitive enzyme, whereas the
WT-insensitive activity was eluted at low ionic strength (Fig. 1B).
The PtdIns 4-kinase activity eluted from the column with 0.25 M
NaClwas completely inhibited by 10 uM WT, with an ICsg of ~50
nM (Fig. 2A). The sensitivity of PtdIns 4-kinase to inhibition by
WT was about one order of magnitude less than that of the PtdIns
3-kinase (ICsp: 3-5 nM) which was immunoprecipitated from
adrenal glomerulosa cells with anti-p85 antibody (Fig. 2B). The
activity of the soluble PtdIns kinase was increased by Triton
X-100 (which inhibits PtdIns 3-kinases), and its phosphorylation
product was identified as PtdIns(4)P (Fig. 2B Inset). When the
partially purified PtdIns 4-kinase was resolved on a Superose-12
size exclusion column (preequilibrated with buffer A/0.5 M
NaCl), the enzyme activity eluted as a peak at ~125 kDa (data
not shown).

Experiments on intact adrenal cells indicated that a WT-
sensitive enzyme contributes to the maintenance of cellular
inositolphospholipid pools during agonist stimulation. In pri-
mary cultures of adrenal glomerulosa cells labeled with
o-[**P]phosphate, 10-min pretreatment with 10 uM WT
caused a marked decrease in labeled PtdIns(4)P but only a
slight reduction in PtdIns(4,5)P, (Fig. 3A4). Furthermore,
stimulation of such WT-pretreated cells with the Ca?*-
mobilizing hormone, Ang-II, caused a rapid and sustained loss
of ~80% of the labeled PtdIns(4,5)P, pool instead of the
transient decrease observed in Ang-II-stimulated control cells
(Fig. 3B). The very low PtdIns(4)P levels of WT-treated cells
remained unchanged throughout Ang-II stimulation, in con-
trast to the higher basal levels and the transient decrease
observed during stimulation of control cells (Fig. 3B). Con-
sistent with the inability of WT-treated glomerulosa cells to
replenish their inositolphospholipid pools during agonist stim-
ulation, Ang-II caused only a brief increase in Ins(1,4,5)P3
levels instead of the prolonged and biphasic elevation observed
in control Ang-II-stimulated cells (Fig. 3D and ref. 27). In
accord with this, Ang-II caused only a transient increase in
[Ca?*]; in WT-pretreated cells, without the sustained plateau
seen in control cells (Fig. 3C and ref. 27).

The effects of WT were further examined in other cell types
in which ligand activation causes activation of tyrosine kinases
and phospholipase Cv, as opposed to the G protein-mediated
activation phospholipase CB that mediates the response to
Ang-II stimulation. Human Jurkat T-cell lymphoblasts stim-
ulated by anti-CD3 antibody and NIH 3T3 cells stimulated by
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F1G. 2. WT sensitivity of the soluble adrenal PtdIns 4-kinase (4)
and the bovine adrenal PtdIns 3-kinase immunoprecipitated from
cultured adrenal glomerulosa cells with anti-p85 antibody (B). PtdIns
4-kinase eluted from the DEAE-Sepharose column and the PtdIns
3-kinase present in the immunoprecipitate were assayed with
[y-32P]ATP after a 10-min preincubation with the indicated concen-
trations of WT. The reaction product was separated by TLC and
quantified in a PhosphorImager. The identity of the PtdInsP product
of the PtdIns kinase assays was assessed by resolving the 32P-labeled
products in a TLC system that separates PtdIns(3)P [PI(3)P] and
PtdIns(4)P [PI(4)P] (26) (B Inset).
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F1G.3. Effect of WT (10 uM) on 32P-labeled phospholipids (4 and
B), cytoplasmic [Ca?*] (C), and Ins(1,4,5)P; (D) in adrenal glomeru-
losa cells. (4) Cultured glomerulosa cells were labeled with [32P]phos-
phate (at 2 uCi/ml) for 4 hr. Cells were then preincubated with or
without 10 uM WT for 10 min, and after an acidic extraction,
inositolphospholipids were separated by TLC. Duplicate determina-
tions from control (Left) and WT-treated (Righr) cells. Positions of
standard inositolphospholipids are indicated at right. (B) Time course
of changes in the 32P-labeled PtdIns(4)P and PtdIns(4,5)P; levels in
Ang-II-stimulated adrenal glomerulosa cells. o-[>2P]phosphate-
labeled cells were preincubated with (O) or without (@) 10 uM WT for
10 min and subsequently stimulated with 30 nM Ang-II for the times
indicated. Results are given as the means * range from duplicate
determinations from a representative of three similar observations.
[Ca?*]; (C) and Ins(1,4,5)P; (D) responses in adrenal glomerulosa cells
stimulated by 30 nM Ang-II were measured in fura-2-loaded and
myo-[*H]inositol-labeled glomerulosa cells, respectively. Cells were
preincubated with (- - +) or without (—) 10 pM WT for 10 min, before
stimulation with Ang-II for the indicated times. The levels of
Ins(1,4,5)P3 were measured in cells prelabeled with myo-[3H]inositol
at 40 uCi/ml for 24 hr. Due to the compressed time scale, the rapid
initial Ins(1,4,5)P3 peak cannot be distinguished from the secondary
steady increase (see also ref. 27). Representative Ca2* traces from six
experiments and means * range of duplicate determinations from one
of five similar inositol phosphate experiments are shown.

platelet-derived growth factor showed similar inhibition pro-
files of their [Ca?*); and Ins(1,4,5)P; responses by 10 uM
WT—i.e., the initial increases were only minimally affected,
but the sustained phases of both inositolphosphate and Ca?*
signaling were completely abolished in both cell types (Fig. 4
A-C). At concentrations below 300 nM, WT had no significant
effect on either Ins(1,4,5)P; formation or [Ca?*]; responses
(data not shown), indicating that the complete inhibition of
PtdIns 3-kinase that occurs at these concentrations is not
responsible for its inhibitory effects on inositol phosphate
production. The transient increases of Ins(1,4,5)P3 seen in all
cell types suggested that WT did not inhibit the major forms
of phospholipase C activity of the intact cells, and this result
was confirmed in in vitro assays using purified phospholipase
C isozymes. [In vitro assays (28) of purified phospholipase C
activities (B1, y1, and 8; enzymes) revealed no inhibition by WT
up to a concentration of 10 uM (Y. S. Bae, S. G. Rhee, and
T. B., unpublished observations).]

We previously reported that WT inhibits the sustained
phase of Ang-II-stimulated inositol phosphate- and Ca?*-
signaling in adrenal glomerulosa cells (27),and similar effects
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of micromolar concentrations of WT have been described in
thrombin-stimulated platelets (29). These effects of WT can be
attributed to the marked decrease in the resting PtdIns(4)P
pool in 3?P-labeled glomerulosa cells and the irreversible loss
of the labeled PtdIns(4,5)P, pool upon agonist stimulation due
to impairment of its resynthesis by inhibition of the relevant
PtdIns 4-kinase. The WT concentrations required for inhibi-
tion of Ang-II-stimulated Ins(1,4,5)P5 production in the intact
cells are higher than those required to inhibit the partially
purified PtdIns 4-kinase, probably reflecting the different
conditions (presence of Triton X-100, lower ATP concentra-
tions, lack of membrane barriers) used for the enzyme assay.

The relationship between the soluble PtdIns 4-kinase de-
scribed in the present study and the tightly membrane-bound
type II and type III enzymes is unclear at present. The
WT-sensitive PtdIns 4-kinase has an apparent molecular size
of 125 kDa and is less sensitive to adenosine than the mem-
brane-bound PtdIns 4-kinase activity (ICsp ~2 mM and 300
1M, respectively, using the above-described assay conditions).
In this regard this enzyme clearly differs from the smaller,
adenosine-sensitive type II enzyme and is more similar to the
type III enzyme. That the large type III enzyme activity of the
membrane contains the WT-sensitive enzyme as part of a
protein complex cannot be ruled out. This possibility is not
unlikely because the same PtdIns 4-kinase purified from yeast
cytosol has also been isolated and cloned from the yeast
nuclear-pore protein complex (30). A recently cloned human
PtdIns 4-kinase (31) that shares substantial sequence homol-
ogy with the yeast PtdIns 4-kinase STT4 (32) is believed to be
a type II PtdIns 4-kinase, whereas the mammalian homolog of
the yeast-soluble, 125-kDa PtdIns 4-kinase has been predicted
to be a type III enzyme (31). The characteristics of the
WT-sensitive PtdIns 4-kinase suggest that it is probably a
member of the latter group of enzymes.

The small proportion of the WT-sensitive PtdIns 4-kinase
activity within the total PtdIns 4-kinase activity after tissue
fractionation explains why PtdIns 4-kinase was not found to be
sensitive to WT in most of the above-mentioned studies on
PtdIns 3-kinase (33-35). However, it should be noted that the
PtdIns 4-kinase assays performed in those, as well as in the
present studies, used artificial conditions (exogenous PtdIns
and detergents) and, therefore, may not reflect the activities
present in intact cells. In fact, PtdIns 4-kinase assays in
digitonin-permeabilized adrenal glomerulosa cells, in which
endogenous substrate is used, revealed that 50-60% of the
activity was inhibited by WT (S.N. and T.B., unpublished
observations). The present results also show that the WT-
insensitive PtdIns 4-kinase(s) are unable to provide the con-
stant supply of PtdIns(4)P and PtdIns(4,5)P; that is required
to maintain the Ins(1,4,5)P3/Ca?* responses of agonist-stim-
ulated cells. The role(s) of these enzymes in the regulation of
various pools of cellular inositolphospholipids remains to be
clarified. It is important to note that the relatively short
labeling protocol with [3*P]phosphate preferentially labels the
agonist-sensitive polyphosphoinositide pools, a feature used in
many early studies on hormonal regulation of inositolphos-
pholipid metabolism (36, 37). However, in glomerulosa cells
labeled with myo-[*H]inositol for 24 hr, Ang-II stimulation
after WT pretreatment caused only a 50% loss of the labeled
PtdIns(4,5)P, pool, the rest being resistant to agonist stimu-
lation. In addition, the labeled PtdIns(4)P pool was reduced to
~30% of its original level after 10 min of WT treatment and
remained unchanged during Ang-II stimulation (S.N. and T.B.,
unpublished results). This finding is consistent with the pres-
ence of additional pools of polyphosphoinositides that prob-
ably serve other functions and are synthesized by distinct
enzymes in specific cellular compartments.

In summary, we have characterized the inhibitory actions of
WT on a distinctive PtdIns 4-kinase activity of adrenal glo-
merulosa cells and adrenocortical tissue. Among the multiple
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Fic. 4. Effect of WT on [Ca*]; responses in adrenal glomerulosa cells (4), Jurkat lymphoblasts (B), and NIH 3T3 cells (C). Cells were loaded
with the fluorescence indicator fura-2 and incubated with WT (10 uM) (- - ) or with dimethyl sulfoxide (—) for 10 min before stimulation with
30 nM Ang-II (4), OKT-3 antibody at 10 ug/ml (B), or platelet-derived growth factor (PDGF) at 30 ng/ml (C). Representative traces from at least
three similar observations are shown. Effects of WT on the inositol phosphate response of Jurkat lymphoblasts (Middle and Right). Cells were labeled
with myo-[>Hlinositol for 24 hr and stimulated with OKT-3 antibody at 10 ug/ml for the indicated times. Representative HPLC elution profiles
of the inositol phosphates from control cells and from cells stimulated with the antibody for 10 min after preincubation in the absence or presence
of 10 uM WT. (Left Top to Bottom) Detailed time courses of Ins(1,4,5)Ps, Ins(1,3,4,5)P4, and Ins(1,3,4)P4 production after stimulation with OKT-3
antibody in control cells (®) or in cells preincubated with 10 uM WT (O). Means * range of duplicate determinations are shown from one of two

similar experiments (Middle).

forms of PtdIns 4-kinase, WT inhibits a soluble enzyme that
regulates the synthesis of the hormone-sensitive pools of inosi-
tolphospholipids and participates in the sustained generation of
Ins(1,4,5)Ps. The differential effects of WT on the several PtdIns
4-kinases should facilitate studies on their functions and regula-
tion, as well as the isolation of the activity responsible for the
maintenance of PtdIns(4,5)P, levels during agonist stimulation.

We thank Drs. Y.S. Bae and S. G. Rhee for measurements of
phospholipase C activity.

1. International Union of Pure and Applied Biochemistry Commission
on Biochemical Nomenclature (1989) Biochem. J. 258, 1-2.
Berridge, M. J. & Irvine, R. F. (1989) Nature (London) 341, 197-205.
Berridge, M. J. & Irvine, R. F. (1984) Nature (London) 312, 315-321.
Nishizuka, Y. (1988) Nature (London) 34, 661-665.
Goldschmidt-Clermont, P.J., Kim, J. W., Machesky, L. M., Rhee,
S. G. & Pollard, T. D. (1991) Science 251, 1231-1233.

Beck, K. A. & Keen, J. H. (1991) J. Biol. Chem. 266, 4442-4447.

King, C. E., Stephens, L. R., Hawkins, P. T., Guy, G. R. & Michell,

R. H. (1987) Biochem. J. 244, 209-217.

8. Vickers, J. D. & Mustard, J. F. (1986) Biochem J. 238, 411-417.
9. Koreh, K. & Monaco, M. E. (1986) J. Biol. Chem. 261, 88-91.

10. Divecha, N., Banfic, H. & Irvine, R. F. (1993) Cell 74, 405-407.

11. Carpenter, C. L. & Cantley, L. C. (1990) Biochemistry 29, 11147-11156.

12. Pike, L. J. (1992) Endocr. Rev. 13, 692-706.

13. Flanagan, C. A., Schnieder, E. A., Emerick, A. W., Kunisawa, R.,
Admon, A. & Thorner, J. (1993) Science 262, 1444-1448.

14. Hiles, I. D., Otsu, M., Volinia, S., Fry, M. J., Gout, 1., Dhand, R.,
Panayotou, G., Ruiz-Larrea, F., Thompson, A., Totty, N. F., Hsuan,
J.J., Courtneidge, S. A, Parker, P. J. & Waterfield, M. D. (1992) Cell
70, 419-429.

15. Otsu, M,, Hiles, L., Gout, L, Fry, M. J., Ruiz-Larrea, F., Panayotou,
G., Thompson, A,, Dhand, R., Hsuan, J. J., Totty, N. F,, Smith, A. D,
Morgan, S.]J., Courtneidge, S. A., Parker, P. J. & Waterfield, M. D.
(1991) Cell 65, 91-104.

16. Schu, P. V., Takegawa, K., Fry, M. J., Stack, J. H., Waterfield, M. D.
& Emr, S. D. (1993) Science 260, 88-91.

Al el

~o

17.
18.
19.
20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.

31.
32.

33.

34.
35.

36.

37.

Carman, G. M., Belunis, C.J. & Nickels, J. T., Jr. (1992) Methods
Enzymol. 209, 183-211.

Kunz, J., Henriquez, R., Schneider, U., Deuter-Reinhard, M., Movva,
N. R. & Hall, M. N. (1993) Cell 73, 585-596.

Savatini, D. M., Erdjument-Bromage, H., Lui, M., Tempst, P. &
Snyder, S. H. (1994) Cell 78, 35-43.

Guillemette, G., Baukal, A. J., Balla, T. & Catt, K. J. (1987) Biochem.
Biophys. Res. Commun. 142, 15-22.

Balla, T., Sim, S. S, Iida, T., Choi, K. Y., Catt, K.J. & Rhee, S. G.
(1991) J. Biol. Chem. 266, 24719-24726.

Balla, T., Baukal, A. J.,, Guillemette, G. & Catt, K. J. (1988) J. Biol.
Chem. 263, 4083-4091.

Ely, J. A., Ambroz, C., Baukal, A. J., Christensen, S. B., Balla, T. &
Catt, K. J. (1991) J. Biol. Chem. 266, 18635-18641.

Yamakawa, A. & Takenawa, T. (1988) J. Biol. Chem. 263, 17555-17560.
Moritz, A., Westerman, J., DeGraan, P.N. E. & Wirtz, K. W. A.
(1992) Methods Enzymol. 209, 202-211.

Walsh, J. P., Caldwell, K. K. & Majerus, P. W. (1991) Proc. Natl. Acad.
Sci. U.S.A. 88, 9184-9187.

Nakanishi, S., Catt, K.J. & Balla, T. (1994) J. Biol. Chem. 269,
6528-6535.

Lee, C. W., Park, D.J., Lee, K. H,, Kim, C. G. & Rhee, S. G. (1993)
J. Biol. Chem. 268, 21318-21327.

Hashimoto, Y., Ogihara, A., Nakanishi, S., Matsuda, Y., Kurokawa,
K. & Nonomura, Y. (1992) J. Biol. Chem. 267, 17078-17081.
Garcia-Bustos, J. F., Marini, F., Stevenson, 1., Frei, C. & Hall, M. N.
(1994) EMBO J. 13, 2352-2361.

Wong, K. & Cantley, L. C. (1994) J. Biol. Chem. 269, 28878-28884.
Yoshida, S., Ohya, Y., Goebl, M., Nakano, A. & Anrakur, Y. (1994)
J. Biol. Chem. 269, 1166-1171. '

Yano, H., Nakanishi, S., Kimura, K., Hanai, N., Saitoh, Y., Fukui, Y.,
Nonomura, Y. & Matsuda, Y. (1993) J. Biol. Chem. 268, 25846-25856.
Arcaro, A. & Wymann, M. P. (1993) Biochem. J. 296, 297-301.
Okada, T., Kawano, Y., Sakakibara, T., Hazeki, O. & Ui, M. (1994)
J. Biol. Chem. 269, 3568-3573.

Santiago-Calvo, E., Mula, S., Redman, C. R., Hokin, M. R. & Hokin,
L. E. (1964) Biochim. Biophys. Acta 84, 550-562.

Creba, J. A., Downes, C. P., Hawkins, P. T., Brewster, G., Michell,
R. H. & Kirk, C. J. (1983) Biochem. J. 212, 733-747.



